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The genesis of intrinsic vascular smooth muscle activity and its role in the local control of tissue blood flow has been the source of considerable controversy, particularly in regard to the mechanism underlying autoregulation of blood flow. The phenomenon of autoregulation has been reported for several vascular beds including kidney, 2 intestine, 3 ' 4 brain, 5 and heart. 0 A number of investigators '• 7 " n have confirmed the early observations of Bayliss 12 who reported autoregulation in skeletal muscle. It has also been demonstrated that the blood vessels of muscle, under certain circumstances, may behave as a relatively rigid 1S or as a passively distensible hydraulic system. 1 -"'• 8 ' 1 4 ' 1 5 The present experiments were undertaken to determine the relationship between blood flow and perfusion pressure in skeletal muscle of the dog under controlled conditions, in an effort to assess the relative importance of factors contributing to autoregulation and to describe the conditions under which autoregulation is demonstrable. Methods
The effects of sustained changes of perfusion pressure on skeletal muscle blood flow were studied in the isolated thighs of dogs with the nerves to the muscle intact, with the nerves acutely sectioned, or two to seven days after denervation. The skeletal muscle preparation used in these experiments has been described in a previous communication. 10 In brief, under general anesthesia (sodium pentobarbital, 30 mg/kg, iv), the muscles of the thigh were detached from the pelvis and disarticulation was done at both hip and knee joints. The skin over this region was removed to exclude cutaneous blood flow and the preparation was arranged for autoperfusion or perfusion with blood from a donor dog. The isolated muscle received its innervation only through the femoral and sciatic nerves; all other tissues were transected during isolation, including the iliac artery and femoral vein, which were severed at the time of cannulation. Anticoagulation was maintained by intravenous administration of heparin; 100 mg initially, followed by 20 mg supplemental doses every hour.
Arterial inflow was metered by a rotameter and perfusion pressure was monitored by means of a Statham P23 strain gauge. Venous pressure in all experiments remained fixed at a value near 10 mm Hg. The isolated muscle was perfused from a chamber partially filled with arterial blood subjected to air pressure from an electrically driven pump. Perfusion pressure was controlled by regulation of the resistance to air outflow from the chamber, and perfusion pressure was altered while the blood inlet tubing was clamped so that the muscle was perfused with 200 ml to 300 ml of blood of constant composition at any desired pressure. Adjustable stops were provided on the air outflow resistance valve so that preset values of perfusion pressure could be rapidly achieved. In a number of experiments the isolated muscle was also perfused at a controlled flow rate by a Sigmamotor pump. Vascular resistance is expressed in peripheral resistance units, PRU (mm Hg/ml per min).
Acute denervation is defined as section of the femoral and sciatic nerves either at the time of isolation or immediately following initial studies of the pressure-flow relationship. In most of the acutely denervated preparations, a pledget of saline-soaked cotton sprinkled with crystalline procaine was kept in place on the peripheral stumps of the severed nerves. Chronic denervation of the limb was performed as previously described 16 and pressure-flow studies were made two to seven days after all nerve connections to the leg were interrupted.
Rhythmic muscle contractions were produced by electrical stimulation of the muscle mass at points well removed from the major nerve trunks at a frequency of 2/sec with d-c impulses, duration 3 msec to 5 msec. The stimulation voltage was adjusted to produce moderate contractions sufficient to increase blood flow approximately twofold at the control perfusion pressure.
In three experiments in which the isolated muscle was perfused at low pressures, a single strain gauge was connected by means of stopcocks so that arterial and venous pressures at the level of the respective cannulae could be recorded alternately. This method reduced errors due to possible differences in zero levels and in instrument drift at the high sensitivity range used. The perfusion pressure was then elevated in steps and changes in blood flow were recorded over a period of at least five minutes at each level of perfusion pressure.
In all experiments, oxygen tension or saturation of the venous blood from the muscle was continuously recorded by means of a polarograph or a cuvette oximeter, respectively. At the end of each experiment the muscle was dissected free from the femur and weighed. The bone comprised 10% of the total weight of the preparation, and calculations of blood flow or peripheral resistance were based on wet muscle weight alone which averaged 865 g for all dogs.
Results
Immediately following cannulation, the blood flow through the isolated limb was high (near 12 ml/min per 100 g) and gradually subsided over a period of 5 to 20 minutes. This high flow was attributed to the fact that the artery and the vein had been occluded during cannulation for periods of 1 to 3 minutes. Similar changes in flow were seen subsequently, following comparable periods of inflow occlusion. Sufficient time was al-
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FIGURE 1
Effect of sustained alteration of perfusion pressure on blood flow in acutely denervated muscle. Pressure-flow relationships in resting acutely denervated skeletal muscle. All pressure changes were initiated from a control perfusion pressure of 110 mm Hg. Open circles represent the maximum or minimum flow change immediately following the pressure change whereas closed circles represent the stable flow values reached one to three minutes following the sustained pressure change. Closed squares are values obtained at low pressures in another resting denervated preparation following five minutes of ischemia. Peripheral resistance is calculated at each pressure level for both initial and final flow values as indicated by arrows at the top of the figure. lowed for flow to become stable before an experimental procedure was undertaken, usually 20 to 30 minutes.
Arterial inflow to resting skeletal muscle responded to sustained changes in perfusion pressure with two distinct patterns. In the first pattern a sustained increase in perfusion pressure ( fig. 1 , A) produced an increase in flow which persisted for as long as the pressure was elevated. When pressure was subsequently lowered, and then raised to near the control level ( fig. 1, B ), blood flow followed perfusion pressure closely. The skeletal muscle vessels behaved in a passive elastic manner as indicated by the changes in cal-culated peripheral resistance, i.e., resistance decreased as perfusion pressure was elevated and resistance increased as perfusion pressure was lowered. The second type of flow response, characteristic of autoregulation, is illustrated in the lower record of figure 1 . A sustained increase of perfusion pressure produced an immediate large increase of blood flow and a marked decrease of resistance to less than one-third the control value ( fig. 1 , C). Despite the continued elevation of perfusion pressure, blood flow decreased within one minute to the control level and resistance rose to a value above control. Conversely, when perfusion pressure was suddenly re-duced ( fig. 1 , D) blood flow at first decreased, then gradually returned to control levels. Calculated peripheral resistance initially increased from 3.5 to 5.0 PRU, then decreased to 2.3 PRU at the lower sustained level of perfusion pressure.
Venous blood oxygen saturation (VOo) ranged from approximately 20% to 90% in the resting preparations; resting blood flow ranged from 1.8 to 6.4 ml/min per 100 g in the same preparations during control periods at a perfusion pressure of 100 mm Hg. The extent of the autoregulatory response could be predicted on the basis of the control values of blood flow and VO 2 . When VO 2 and blood flow were high during the control period, the muscle vessels did not show autoregulation ( fig. 1 , A and B), whereas when VO 2 was low, e.g., 20% to 50% saturation, autoregulation was prompt and complete ( fig. 1 , C and D). These two types of response could be obtained reversibly in each of the preparations.
Many factors associated with alteration of aortic pressure elicit reflex increases of blood flow in skeletal muscle. 10 Moreover, movement of the isolated thigh produced mechanical stimulation of the unsupported nerves in preparations with nerves intact. For these reasons stable levels of blood flow to the innervated muscle were difficult to maintain. During periods of decreased vascular resistance occasioned by reflex vasodilator activity, local mechanical stimulation, or spontaneous loss of vascular tone, blood flow responded to alterations of perfusion pressure as illustrated at A and B in figure 1, i.e., complete absence of autoregulation. This pressure-flow behavior has been termed "unstable" since it was characterized by wide variations of blood flow and/or VO 2 during perfusion at constant pressure. VO 2 frequently exhibited oscillations for periods of several minutes, cycling as much as five volumes per cent within three or four seconds at relatively constant blood flow. Nocioceptor stimulation, e.g., application of a hemostat to the ear of the experimental animal, evoked reflex blood flow increases at a constant perfusion pressure.
It was possible, however, to demonstrate
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a high degree of vascular tone in self-perfused or donor-perfused innervated muscle if the arterial pressure of the experimental animal was held constant by means of a compensator chamber. In all preparations, autoregulation was more pronounced when mechanical disturbance of the isolated thigh and nerves was minimized, and when temperature was normal. Hg to 100 mm Hg), declined to 30% of the control value at low pressures, and increased to 125% of the control level with moderate pressure increases. Incomplete return of flow to control levels following the larger perfusion pressure elevations is attributed in part to the limited capacity of the perfusion chamber, since many of the observations had to be terminated while blood flow was still declin-ing. Occasionally large increases of perfusion pressure (100 mm Hg or more) abolished the autoregulatory response and blood flow and VO 2 remained elevated for five to ten minutes after perfusion pressure was returned to the control level.
Acutely Denervoted Muscle
A third type of pressure-flow relationship in the blood vessels of skeletal muscle was observed following a five minute period of arterial occlusion, characterized by a straight line which passes through the origin ( fig. 2 , solid squares). The first increment of per- 
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Resistance calculated as A-V pressures, mm Hg, divided by blood flow, ml/min per 100 g. t This datum omitted from column average. fusion pressure, 2 mm Hg, produced a measurable value of blood flow which remained constant during a five minute period of observation. Subsequent pressure increments gave rise to progressive increments in blood flow until a perfusion pressure near 40 mm Hg was reached. At this point a further sustained increase in perfusion pressure evoked blood flow responses similar to those illustrated at C, figure 1 , that is, the vessels began to autoregulate. The level of blood flow following 30 minutes of relative ischemia was higher than that prior to the ischemic period at equivalent pressure. This higher blood flow is attributed to an oxygen deficit and is substantiated by the fact that flow returned to preischemic levels after 10 to 15 minutes of perfusion at normal pressure. During the low pressure perfusion, peripheral resistance was remarkably constant, 1.0 PRU ± 0.04 over the range of 0 mm Hg to 40 mm Hg. Similar pressure-flow responses, typified by low, constant resistance over the range of 0 mm Hg to approximately 40 mm Hg pressure were observed in the three preparations perfused at low pressure.
Resistance data for all resting, acutely denervated preparations are given in table 1 for sustained increases and decreases in perfusion pressure. Trials during the relative ischemia of low pressure perfusion described above and trials during deliberate stimulation of vasodilation by reflex or mechanical means are omitted from all the tables. All perfusion pressure alterations and control, initial and equilibrium values for blood flow and peripheral resistance were calculated and averaged for each dog. Although the data include Type 1 (passive) responses and responses intermediate between Type 1 and 2 responses, they represent preponderantly Type 2 (autoregulatory) behavior in the acutely denervated muscle. An average perfusion pressure increase of 30% produced an initial 62% decrease in resistance whereas the final average resistance value was about 10% greater than the control. Conversely, a 25% decrease in perfusion pressure produced a 10% decrease in equilibrium resistance over the control value. Equilibrium values of resistance at the ele-
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vated pressures were equal to or greater than control resistances in 17 of 18 dogs (table 1) . In 14 dogs, resistance decreased to a final value equal to or less than the control value following sustained perfusion pressure reduction.
In muscle exhibiting autoregulation, a sustained alteration of driving pressure when produced by increases or decreases in venous pressure evoked resistance changes similar to those elicited by alteration of perfusion pressure. An increase in venous pressure produced an initial decrease in blood flow and an increase in resistance ( fig. 3 ). Autoregulatory adjustment of resistance, however, returned blood flow to the control level within one minute. Decreases in venous pressure produced transient elevations of blood flow followed by a return to control levels. Although pressure alterations on the venous side were necessarily small, autoregulation was comparable to that elicited by equivalent arterial pressure alterations.
In some experiments the muscle was perfused at a controlled flow rate by means of a pump. When blood flow was increased and maintained at a new constant level an initial decrease in resistance regularly occurred, ( fig.  4 , upper record), similar to that observed when perfusion pressure was elevated. In certain instances, this decrease in resistance was large enough to reduce perfusion pressure to a level below the control value. The initial decrease of resistance was followed by an increase of resistance to or above the control levels. The lower record of figure 4 illustrates r 80 PRU 
FIGURE 3
Effect of changes of venous pressure on arterial inflow to resting, acutely denervated muscle, PP = perfusion pressure; VP = venous pressure. changes of resistance following a decrease in flow. When blood flow was abruptly reduced, resistance declined from an initially high level to a value near control within one minute. The effects of sustained alteration of blood flow on peripheral resistance are summarized in table 2 for 25 trials in 7 resting denervated preparations. An 83% increase in blood flow produced an initial resistance decrease of 43%; resistance, however, returned to within 5% of the control value when a steady state was reached. Conversely, a blood flow decrease of 47% produced an initial resistance increase of 35% followed by a return of resistance to the control level at equilibrium. Control resistance values during pump perfusion were lower than those obtained at constant pressure (table 1) and it was noted that initiation of pump perfusion at the same level of flow as had existed for 10 to 15 minutes of constant pressure perfusion, usually produced a slight fall in perfusion pressure. Similar results have been reported previously and were attributed to the release of vasodilator material (adenosine triphosphate) from red blood cells destroyed by the mechanical trauma of the pump. 17 Pressure pulsations which duplicated the pump pulsations were superimposed upon the constant pressure perfusion system and evoked only transient alteration of blood flow in any of the preparations.
During moderate rhythmic contraction of the isolated muscle, blood flow promptly rose to a new level and remained at this height as long as the stimulus eliciting the contractions was unchanged. A sustained increase of perfusion pressure in contracting muscle (fig. " Chronically denervated, all others acutely denervated. 5) evoked the same autoregulatory behavior as was observed in resting muscle, although at higher levels of flow for any given perfusion pressure. VO 2 invariably decreased upon initiation of contraction and ranged between 5% and 30% saturation. Table 3 compares the extent of autoregulatory control of blood flow in skeletal muscle with nerves intact and in the acutely I so sec 1
EFFECT OF INNERVATION ON AUTOREGULATION IN SKELETAL MUSCLE
FIGURE 5
Effect of a sustained increase of perfusion pressure on arterial inflow to acutely denervated contracting muscle, PP = perfusion pressure; VO^ = venous hlood oxygen saturation. Circulation Research, Volume XIV, February 1964 or chronically denervated preparation, both at rest and during muscular contraction. In each instance a change in perfusion pressure evoked an immediate and inverse alteration in peripheral resistance. This was followed by gradual autoregulatory compensation such that control resistance was equalled or exceeded with pressure elevation, and decreased below control resistance with pressure reduction. No significant difference was found in the extent of autoregulatory compensation in the presence of the femoral and sciatic nerves or following acute or chronic denervation. Chronic denervation had no significant influence on peripheral resistance in the isolated muscle but reduced the response to local mechanical stimuli. Initial resistance changes following perfusion pressure elevation appeared to be less marked and VO-2 consistently lower in the chronically denervated preparation. Conditions of unstable flow were difficult to induce and spontaneous changes in venous blood oxygen saturation were absent.
Although resistance was decreased ap- proximately 50% during muscular contraction in innervated and acutely or chronically denervated muscle, autoregulation was evident in all three groups. Autoregulatory adjustments of resistance following perfusion pressure alterations tended to be more extensive in contracting than in resting muscle (table 3, last column).
Discussion
In general, the values for blood flow (3.4 ml/min per 100 g) and for VO 2 (below 50% saturation) are lower, and for peripheral resistance, higher, than those reported for isolated skeletal muscle by others. 8 -°-"• I3~lr> However, in the resting isolated gracilis muscle 8 the blood flows per 100 g of muscle are of the same order of magnitude as observed in the present study. In unanesthetized man, resting blood flow ranges from 1.4 to 4.5 ml/min per 100 g tissue 1S -10 and deep venous blood oxygen saturation is often below 50%, 20 -21 values comparable to those observed during autoregulation in the present study. Furthermore, basal blood flow in un-anesthetized man is best obtained when the subject is relaxed --since marked reflex increases in blood flow accompany startle reactions. 23 The observations in man, in addition to the demonstration of ample vasodilator innervation in canine skeletal muscle, 16 suggest that lack of tone and absence of autoregulation in isolated skeletal muscle represents a special circumstance. Failure to demonstrate tone and autoregulation may be a result of incomplete isolation or failure to protect the muscle from vasodilator nerve excitation, either reflexly or through injury or mechanical stimulation. Other factors, such as uncontrolled temperature and fluctuation of perfusion pressure may have produced a loss of tone in many isolated preparations with concomitant loss of autoregulation.
The vessels of isolated perfused skeletal muscle may exhibit high intrinsic tone and autoregulation as defined in the strict sense, i.e., an increase in resistance with increased driving pressure and a decrease in resistance following a reduction in driving pressure. Autoregulation was observed most consistent-ly when neural and mechanical stimuli were minimized, and when temperature was maintained at normal levels. Furthermore, autoregulatory alterations of resistance followed a change in driving pressure produced at either the arterial or venous side of the vascular system, or after alteration of pump-controlled arterial inflow. These responses did not require central nervous connections, since they occurred in innervated and acutely or chronically denervated muscle. Moreover, autoregulation appeared regardless of the level of metabolic activity of skeletal muscle and was more pronounced during rhythmic muscle contractions (table 3) , confirming the observations of Stainsby." In contrast to the relative independence of blood flow and driving pressure in skeletal muscle under conditions of minimal extrinsic disturbance, each of the innervated and acutely denervated preparations exhibited purely passive responses to alteration of intravascular pressure under certain conditions. Decreased resistance after elevation of perfusion pressure and increased resistance after reduction of perfusion pressure were observed at reduced temperatures (about 30°C),during hyperemia after inflow occlusion of more than two to three minutes' duration, and during periods of increased blood flow elicited by reflex vasodilation in the innervated preparation. 10 During severe reduction of arterial inflow, a third type of vascular behavior in response to pressure alteration was observed, i.e., the vessels became maximally distended and resistance remained constant as perfusion pressure was elevated.
Demonstration of these three widely different patterns of vascular behavior emphasizes the necessity for characterizing and defining the conditions under which vascular responsiveness is studied. On the basis of our observations, a schema summarizing the different types of vascular behavior in skeletal muscle is presented in figure 6 . Within the circles are definitions of each of the "states" of skeletal muscle vessels on the basis of blood flow, venous blood oxygen content and response to sustained alteration of perfusion pressure. Within the rectangles are the factors
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which were observed to shift the behavior of blood vessels in skeletal muscle from one functional state to another. The upper arrow of figure 6 indicates that with minimal reflex input, constant perfusion pressure at physiological levels, protection from mechanical disturbance and normal temperature, resting muscle gradually enters a stable state characterized by low constant flow and low VO-. Under these conditions autoregulation is a prominent feature. External stimuli ( fig. 6 , middle block) may produce high blood flow and high VO 2 accompanied by loss of autoregulation. This state has been termed unstable since both blood flow and/or VO U . commonly exhibited marked fluctuations and stable control levels were difficult to maintain. From either the stable or unstable state, increased metabolic demands produced by rhytiimic skeletal muscle contraction led to the active state wherein blood flow was elevated, VO 2 was low and autoregulation was consistently observed. Concerning the anoxic vessels it is assumed that maximal vasodilation had occurred and the vascular smooth muscle no longer contributed to wall tension.
Several mechanisms have been proposed to explain the phenomenon of autoregulation; the myogenic response, 241112 -24 the release of vasodilator metabolites, 11 ' 14> -a "-7 oxygen lack per se 28 and tissue pressure. 2 " The experiments of Folkow and Oberg u make it highly unlikely that the high level of vascular tone and autoregulatory responses observed in skeletal muscle are dependent on local neural mechanisms. In the present study, tissue pressure can be eliminated since it has been shown to be essentially zero unless deliberate efforts are made to produce edema. 30 Our experiments do not conclusively differentiate between O> lack and metabolites as possible controlling factors in the mechanism of autoregulation. However, the high VO 2 associated with reactive hyperemia appears to favor a mechanism based on gradual inactivation and/or washout of a vasodilator metabolite rather than one based on simple O 2 lack.
Our experiments do not distinguish between a myogenic and a metabolic regulation of blood flow. However, an autoregulatory decrease in resistance after venous pressure elevation and an increase in resistance after venous pressure reduction mitigates against a myogenic response since transmural pressure changes are in the same direction as the resistance alteration, contrary to the requirements of the myogenic hypothesis. Furthermore, the low levels of VO 2 observed during autoregulation favor a mechanism based on adjustment of the equilibrium between hypoxic release of a vasodilator substance by the tissues and its removal by the blood. Folkow and Oberg u observed that an augmented vascular distending pressure, produced by elevation of venous pressure, led to an increase of vascular resistance whereas vascular resistance decreased following elevation of venous pressure in our experiments ( fig. 3) . The difference in results may be attributed to the fact that control rates of blood flow reported by these investigators were twofold greater than those of the present study. At high control blood flows, comparable to those of Folkow and Oberg, we have also observed an increase of resistance with increased venous pressure.
The responses of skeletal muscle vessels to perfusion pressure alterations observed in the present experiments are consistent with the concept that a high level of intrinsic tone persists in the absence of neural connections. Superimposed upon this basal tone are local mechanical and metabolic vasodilator and vasoconstrictor influences. These local regulating mechanisms may be obscured by neurogenic activity in the nonautoregulating preparation and in the intact unanesthetized animal, but they become apparent when reflex activity is reduced or when extrinsic factors are superseded as during muscular exercise.
Summary
Isolated, innervated and acutely or chronically denervated resting skeletal muscle of the dog exhibited high intrinsic vascular tone. Sustained alteration of perfusion pressure or venous pressure evoked autoregulatory responses; vascular resistance increased at elevated driving pressures and decreased at reduced driving pressures. Comparable changes of resistance were observed after sustained alteration of blood flow during pump perfusion. Autoregulation was consistently observed during muscle contractions with constant pressure or constant flow perfusion. In resting and contracting skeletal muscle a low venous blood oxygen saturation (VO 2 ) was characteristic of preparations exhibiting a high degree of autoregulation. In innervated resting muscle autoregulation was concealed by reflex or local stimuli and its disappearance was associated with a decreased vascular resistance and an increased VO 2 . In resting chronically denervated muscle or in contracting muscle, whether innervated or denervated, such stimuli failed to affect the autoregulatory response. A schema has been proposed to define the "states" of skeletal muscle blood flow and some of the factors responsible for the presence or absence of autoregulation.
